Background: The multiplexing becomes the major limitation of the next-generation sequencing (NGS) in application to low complexity samples. Physical space segregation allows limited multiplexing, while the existing barcode approach only permits simultaneously analysis of up to several dozen samples. Results: Here we introduce pair-barcode sequencing (PBS), an economic and flexible barcoding technique that permits parallel analysis of large-scale multiplexed samples. In two pilot runs using SOLiD sequencer (Applied Biosystems Inc.), 32 independent pair-barcoded miRNA libraries were simultaneously discovered by the combination of 4 unique forward barcodes and 8 unique reverse barcodes. Over 174,000,000 reads were generated and about 64% of them are assigned to both of the barcodes. After mapping all reads to pre-miRNAs in miRBase, different miRNA expression patterns are captured from the two clinical groups. The strong correlation using different barcode pairs and the high consistency of miRNA expression in two independent runs demonstrates that PBS approach is valid. Conclusions: By employing PBS approach in NGS, large-scale multiplexed pooled samples could be practically analyzed in parallel so that high-throughput sequencing economically meets the requirements of samples which are low sequencing throughput demand.
Background
Next-generation sequencing (NGS) technologies which are widely employed in life science research, are transforming the biology [1] . In one slide, NGS technologies can generate over one billion DNA sequences now, 1.4 billion by SOLiD 5500 × l (Applied Biosystems Inc.) and 1 billion by Hiseq 2000 (Illumina Inc.). This capacity has increased by dozens of times in the past several years and continuously increases in a rapid speed. The ever increasing reads throughput permits to analyze high complex samples [2, 3] . However, for the studies of lower complex samples, such as miRNA discovery, NGS technologies turn to be inefficient and uneconomic. This situation will be aggravated in the future by the ever increasing reads throughput.
In order to relieve the mismatch between the high throughput of NGS technologies and the low throughput requirement of the low complex samples, most NGS technologies provide physically segregated sequencing mediums. But the physical segregation allows accommodation of limited independent samples, and obscures available sequencing space in some NGS technologies [4] . Barcodes, the unique DNA sequence identifiers, historically used in several experimental contexts, are first introduced to the NGS technologies by Meyer et al and Parameswaran et al [4, 5] in the pyrosequencing platform. This approach is widely employed to analyze pooled lower complex samples [5] [6] [7] [8] [9] [10] [11] [12] . The barcode approach allows the simultaneous analysis of infinite number of samples in theory, but in applications, the researchers analyze at most dozens of samples in parallel [6] . Along with the increasing sample number, the variety of sample-specific primers or adaptors increases at the same speed and this approach becomes less practicable when the sample number becomes large. We have developed a method called pair-barcode sequencing (PBS) for the practical parallel analysis of large-scale multiplexed samples. Although a pair of barcodes was designed to enhance the reliability of experiment [4] or to allow the sequencing starting from both ends of the libraries [10] , we have not found any study which assign a pair of barcodes in NGS to improve the practicability and parallelism in analyzing large-scale multiplexed samples.
MicroRNAs (miRNAs) are an evolutionarily conserved class of small, approximately 22-nucleotide (nt) noncoding RNAs that regulate global gene expression patterns [13, 14] and play an important role in the development and progression of cancer [15] . Breast cancer, the second-leading cause of cancer related deaths in women, is expected to account for 26% of new cancer diagnoses in 2008 [16] . Aberrant expression of miRNAs in human breast cancers were first reported by Iorio et al in 2005 [17] . A large number of miRNAs were demonstrated to be associated with breast cancer in the recent years [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In our method, a pair of molecular barcodes of 6nt in length is designed at the two sides of the target sequences and is introduced to the libraries by adaptor ligation and PCR. We demonstrate the power of PBS by sequencing a pool of 32 human miRNA libraries on the SOLiD V2 platform (Applied Biosystems Inc.). 26 of these libraries were derived from human breast cancer cancerous tissues (BC) and 6 were derived from human breast noncancerous tissues (BO). Four unique forward barcodes (F-barcode) and eight unique reverse barcodes (R-barcode) were used to code the 32 samples. Additionally, we evaluate the correlation of different barcode pairs by performing technical replicates of the same sample with 16 different barcode pairs, and verified the reproducibility of the method by operating two independent sequencing run of the same pool of samples. After decoding and mapping, about 64% of the reads mapped to both of the two barcodes uniquely and 15.3% of decoded reads were identified to non coding RNAs on average. The peak read length of the reads recognized as miRNAs located at 21-22nt, indicating that the mature miRNAs were enriched in the samples and well sequenced. A total of 22 miRNAs were differentially expressed between the BC libraries and BO libraries. To the best of our knowledge, this is the first study to discover miRNAs from large-scale multiplexed samples using a pair of barcodes in NGS.
Results

Outline of PBS and design of barcodes
In order to substantially enhance the scope and capacity of multiplexed high-throughput sequencing, a pair of barcodes for 6nt each was designed in two sides of miR-NAs. The F-barcodes were devised at the 5' end of the F-adaptors, and were introduced to the libraries by ligating the F-adaptors to miRNAs ( Figure 1A ). The Rbarcodes were designed in the overhangs of the R-primers, and were led to the libraries by PCR reactions ( Figure 1C ). Each sample was coded by the combination of a unique F-barcode and a unique R-barcode. In order to carry out ePCR reactions, the left and right ePCR primers were designed in the pair-barcoded library. The left ePCR primers (reverse complementary sequence) were located at the 3' end of F-adaptors and the right ePCR primers were designed in the overhangs of the Rprimers, at the 5' end the R-barcodes. Two sequencing primers, sequencing primer A and sequencing primer B, were used to execute the sequencing reactions. The sequencing primer A is in charge of sequencing the Fbarcodes and miRNAs while the sequencing primer B is responsible for sequencing R-barcodes. The sequence of each reads was obtained after sequencing runs and is made up of 3 parts, the F-barcode, the R-barcode and the target sequence. By decoding the F-barcodes and Rbarcodes consequently, the target sequences were ascribed to the different samples.
As one mismatch is tolerated in barcode mapping, it is impossible to get uniquely mapped reads if all permutations of 6 nucleotides are allowed to be barcodes. In order to get uniquely mapped reads, each barcode should be different with each other in at least three positions. Moreover, because the mapping of SOLiD reads is operated in the color space, the barcodes are designed to be different with each other in at least two positions in the color space, not in the nucleotide space.
Pair-barcode decoding
After the sequencing reactions, 89175789 barcoded sequences were obtained in the sequencing run I, while 85344522 barcoded sequences were obtained in the sequencing run II. 71.3% and 70.4% of the obtained barcoded sequences were mapped to the 4 F-barcodes used in the libraries generation, respectively. And 89.7% and 91.4% of the F-barcode mappable sequences were mapped to the 8 R-barcodes introduced in the PCR reactions, separately. In total, 64.0% and 64.4% of the obtained sequences were mapped to a used F-barcodes and a used R-barcodes at the same time. The reads mapped to each combination of F-barcodes and R-barcodes are counted and exhibited in Table 1 .
Mapping results
Composition of each library was determined by filtering all decoded reads to human genome. MiRNAs were identified by mapping reads to pre-miRNAs in miRBase and quantified by mapping reads to mature miRNA in miRBase. About 46% of the decoded sequences were mappable using SOLiD system small RNA analysis pipeline tool (RNA2MAP, version 0.5.0) (Additional file 1).
Unmappable sequences were neither other non-coding human RNAs, nor fragment of human genome, as they passed the filtering of other non-coding human RNAs and did not map to the human genome.
After adaptor and barcode sequence removal, read length distribution of the reads mapping to the miRBase revealed a peak at 21-22nt ( Figure 2B , Additional file 2), indicating that mature miRNAs were enriched in the sequenced samples. In order to evaluate the consistency of the miRNA expression values of the two independent runs, the raw expression values of miRNA were compared in on logarithmic coordinate. Scatter plots of each sample revealed a well reproduction quality in miRNA expression, especially in the miRNAs whose expression values (read counts) over 5 (Additional file 3). The expression values were calculated by counting the reads which mapped to the mature miRNAs in miRBase. On average, about 15.3% (range 6.1%-38.6%) of all decoded reads were identified as non-coding RNA. MiRNA was the major constituent among the non-coding RNA, ranged from 10% to 85%, and tRNA was the other major non-coding RNA species ( Figure 2C , Additional file 1). The proportion of decoded reads mapped to other noncoding RNA, miRNA, and genome was different across the datasets (Additional file 1). No significant variation of miRNA proportion between breast cancerous tissue datasets and breast noncancerous tissue datasets was detected.
Correlation of miRNA read counts without barcode to miRNA read counts with different barcode pairs
To validate sequencing data with pair-barcode sequencing approach, we examined the correlation of raw read counts between dataset without barcode and datasets with 16 different barcode pairs. The miRNAs whose raw read counts were > 5 in both datasets for comparison were selected to calculate the Pearson's correlation coefficient. Expression of most miRNAs was highly correlated between the technical replicates. Comparing with the results without barcode, the Pearson's correlation coefficients ranged from 0.76 to 0.92 for each barcode pair (Figure 2A , Additional file 4). We conclude that raw read counts obtained from pair-barcode sequencing are valid and strong correlation to results obtained without barcode.
High expressed miRNAs
We first analyzed the high expressed miRNAs both in BC datasets and BO datasets. The miRNAs whose normalized expression value over 100 in at least 20 datasets of the all 25 datasets (19 BC datasets and 6 BO datasets) were shown in Additional file 5 Table S5 (Additional file 6 Additional file 5). These criteria were met by 85 miR-NAs, including 5 miRNA-3p sequences and 6 miRNA-5p sequences. But no miRNA* met these criteria. The 10 most abundantly expressed miRNAs in both kinds of datasets are exhibited in Table 2 . The average of BC was divided by the average of BO and the quotient was taken the logarithm to calculate the ratio, based on 2. Three of these 10 miRNAs, miR-21, let-7b, and miR-19b, expressed differently between BC datasets and BO datasets (ratio<-1 or ratio > 1).
Analysis of known breast cancer related miRNAs
We also analyzed miRNAs previously reported to be differentially expressed in BC, including oncogenic miRNAs, miR-155 [17] , miR-21 [18, 19] , miR-25 [30] , and miR-27a [24] , and tumor suppressor miRNAs, miR-125a/ b [17] , miR-17 [26] , miR-205 [25] , miR-27b [24] , miR-31 [27] , and miR-34a [28, 29] . The expression values of these miRNAs between BC datasets and BO datasets were compared in logarithmic coordinates ( Figure 3A) . NGS using pair-barcode revealed that the oncogenic miRNA of miR-155 which were previously shown to be upregulated in tumors [17] [18] [19] , were also upregulated in BC datasets comparing to the BO datasets. The tumor suppressor miRNA of miR-31 were downregulated in BC datasets comparing to the BO datasets [27] . The other breast cancer associated miRNAs did not exhibit significant difference between BC datasets and BO datasets in our study.
MiRNAs differentially expressed between two clinical groups
We aimed to identify other miRNAs differentially expressed in BC datasets versus BO datasets using pairbarcode NGS. Only mature miRNAs represented by more than 5 raw counts in at least 20 datasets of all 25 datasets were considered. 200 miRNAs met these criteria, including 18 star miRNA, 20 miRNA-3p and 20 miRNA-5p sequences. A total of 22 miRNAs were differentially expressed based on a t-test (Additional file 7), including 1 miRNA*, 3 miRNA-3p and 1 miRNA-5p sequences. Figure 2B exhibits the top 10 differentially expressed miRNAs, including miRNAs previously associated with BC, miR-31.
Discussion
PBS allows for sequencing large-scale multiplexed samples using SOLiD system and any other NGS platforms. Comparing to the physical segregation of the sequencing plate, PBS permits to parallel sequencing much larger amount of samples. In some NGS platforms, physical segregation lessens the available throughput by obscuring available sequencing space. The lessening of throughput is also found in PBS approach because the barcodes shortens the available read length. But for some studies, such as miRNA expression studies, the read count is more significant than the read length when the read length scarified the requirements of these studies. The read length after removing 6nt F-barcodes is 29nt in our study, which is longer than most mature miRNAs. Furthermore, the available read length of the latest NGS platforms are longer than the SOLiD V2 system, 75nt of SOLiD 5500 × l and 100nt of Hiseq 2000. PBS is more economic and efficient than the physical segregation in these applications. In the existing single barcode method which allows parallel analysis infinite samples in theory like PBS, the number of tagged oligos required is equal to the number of the samples pooled together. If the number of pooled samples is large, the same number of tagged oligos is required and the single barcode method lost its practicability. PBS approach is considered to be an ideal method to overcome this problem. The latest sequencers generate up to 1 billion reads, which is adequate to parallel analysis up to 100 miRNA samples. To parallel analyze 100 miRNA samples, single barcode method requires 100 barcoded oligos (Table 3 ). By combining with physical segregation, at least 13 barcoded oligos are remaining required. However, totally 20 barcoded oligos are necessary by PBS without the help of physical segregation. The throughput of NGS has increased for dozens of times in the past several years and continuously increases in a rapid speed. The superior of PBS will be more significant when the throughput becomes larger. For example, if the researchers want to parallel analyze 10,000 samples in the future, 10,000 kinds of sample-specific primers or adaptors are needed by the existing single barcode method. Combining with physical segregation, 1250 kinds of barcoded oligos are still indispensible. However, only 100 varieties F-adaptors and 100 samplespecific R-primers are required using the PBS approach (Table 3) . Moreover, F-adaptors and R-primers are employed in two different steps of library construction, reducing the probability of potential mistakes made within the library construction. Comparing to the existing single barcode method, PBS approach requires significantly less kinds of tagged oligos, about square root of the single barcode method. Therefore, the studies become uncomplicated and efficient.
About 71% of the reads mapped to the sequence of the 4 F-barcodes and about 90% of the F-barcode decoded reads mapped to the sequence of the 8 R-barcodes. In each of the two decoding steps, 20% of the reads are off-target on average ( Figure 2C ). The ratios are logical comparing to other SOLiD works [14] . The vast majority of these off-target reads did not mapped to both of the two barcodes, indicating that they were not caused by using a pair of barcodes instead of a single barcode. The counts of reads mapped to the barcode pairs are tens of times difference between each other. The existing DNA spectrophotometers, such as Nanodrop ND-1000 are not fit for determining samples whose concentration smaller than 2 ng/μl directly. The final concentration of pooled libraries used for ePCR is 50 pg/μl. The libraries were determined at high concentration and were diluted to 50 pg/μl. The dilution may be one of the reasons of read counts difference cross datasets. Although the read counts difference induced the difference in miRNA expression, this difference can be resolved by read counts normalization.
The percentage of mappable reads using SOLiD system small RNA analysis pipeline tool (RNA2MAP, version 0.5.0) is at the same level of other work [14] . The read length distribution after mapping to the miRBase is identical with the other studies [14, 31] , indicating that mature miRNAs were enriched in the sequenced samples and were well sequenced by the PBS. Hundreds of miRNAs discovered in the pooled samples is another support. We found an average correlation of r = 0.999 between miRNA expression counts in replicate experiments, indicating the sequencing assay is highly reproducible.
Quantile-quantile normalization was used to normalize raw read counts to remove potential bias in miRNA expression across the datasets. The quantile-quantile normalization has been used to normalize the raw read counts of NGS and shown to be superior to scaling to a given constant [14] . We first analyze the high expressed miRNAs ( Table 2 ). Three of these 10 miRNAs expressed differently between BC datasets and BO datasets (ratio<- Figure 3 Differential miRNA expression between BC and BO. The expression value zero was set as one to be visible on logarithmic coordinates. The normalized expression values were used to evaluate the difference between two kinds of datasets. Black spots refer to breast cancer cancerous tissue datasets and black circles depict breast noncancerous tissue datasets. A. Expression data for known breast cancer associated miRNAs. B. Expression data for the 10 best class-separating miRNAs. Rows are sorted according to raw p-values. These data including a previously breast cancer associate miRNA (shown in Figure 3A ) as well as newly identified differentially expressed miRNAs. 1 or ratio > 1). miR-21, one of the two upregulated miR-NAs, is a well known oncogene that expected to be abundant in breast tumor [18, 19] . miR-19b, the other upregulated miRNA, is reported to be high expressed in invasive breast cell lines versus less invasive breast cell lines [23] . The downregulated miRNA, let-7b, is a member of let-7 family which considered to be tumor suppressor miRNAs [20] . We then analyzed miRNAs that previously associate to breast cancer. MiR-155, which was discovered to be upregulated in breast cancer [17] [18] [19] , is also significant upregulation in BC datasets, suggesting that it may play as an oncogene in breast cancer. MiR-31, which is expressed in normal breast cells and was recently shown to prevent metastasis at multiple steps by inhibiting the expression of prometastatic genes [27] , was observed to be downregulated in BC datasets. No significant difference between BC and BO datasets was observed in the other 9 breast cancer associate miRNAs.
We also analyzed other miRNAs differentially expressed between BC and BO datasets in this work. Of all the 200 miRNAs considered, 22 miRNAs were differentially expressed according to the p-values. We compared the expression patterns of the 10 differentially expressed miRNAs with published results ( Figure 3B ). MiR-31, downregulated in BC datasets, was reported to be a suppressor of breast cancer. MiR-21* was upregulated in BC datasets and the non star form of miR-21* was recognized as a breast cancer oncogenic miRNAs [18, 19] . As a member of let-7 family, a well known breast cancer suppressor, let-7b was observed to be downregulated in BC datasets in our study. Several miR-NAs among the 10 most differentially expressed miR-NAs were associated other malignancies in published studies, including miR-15b [32, 33] , miR-101 [34] , miR-374a [35] , and miR-218 [36] . The expression patterns of these 4 miRNAs in our study are all in accord with the work of profession. This accordance strengthens that these 4 miRNAs are breast cancer concerning miRNAs. We here report that miR-15b, miR-101, miR-374a and miR-218 are breast cancer associated miRNAs by the sequencing results of our PBS approach. For the rest 3 miRNAs, miR-487b, miR-744 and miR-2110, no paper was found to report any relationship with malignancies. We notice that all these 3 miRNAs have low read counts in the two divergent clinical groups, indicating low expression values in tissues. It may be the reason why the different expression patterns of these miRNAs were not reported in previous works.
Conclusions
In summary, we have developed an ideal system that allows for high-throughput sequencing of large-scale multiplexed samples using SOLiD system. Substantially, comparing to the existing barcode sequencing, the supposed technique improves the practicability when the amount of samples is large. The application demonstrates that PBS is a valid tool to discover miRNAs in large-scale multiplexed samples. PBS approach can be readily adapted to any existing NGS platform and will be more widely applied along with the increasing of NGS throughput in the next several years.
Methods
Sample preparation and RNA isolation
All participants provided written informed consent, and the study received ethical approval from the ethics committee of the State Key Laboratory of Bioelectronics. 32 samples were derived from 26 human breast cancer cancerous tissues (M1-M26) and 6 human breast noncancerous tissues (C1-C6) and kept in TRIzol (Qiagen Inc., Shanghai, China) before RNA isolation. MiRNAs were extracted from each sample using mirVana miRNA isolation kit (Ambion Inc., Austin, TX, USA). MiRNA quantity and quality were checked by spectrophotometer, Nanodrop ND-1000 (Thermo Fisher Scientific Inc., Waltham, MA, USA). The clinical data of patients are shown in Additional file 8.
Small RNA library generation and sequencing
F-adaptors and R-adaptors were ligated to miRNA samples consequently with a size-selection by polyacrylamide gel electrophoresis to purify the library after each ligation. Each F-adaptor contains a unique F-barcode for 6-nt in length. The RT-primers were added to carry out reverse transcription. The libraries were then amplified by PCR reactions, in which the R-barcodes for 6-nt in length were introduced by the R-primers. One more size-selection by polyacrylamide gel electrophoresis was done after the PCR reactions. The 32 samples were mixed in a pool at the same concentration to operate emulsion PCR (ePCR). Template bead preparation, ePCR and deposition were performed according to the standard protocol, and slides were analyzed on a SOLiD system V2 (Applied Biosystems Inc., Foster City, CA, USA) according to the multiplexing protocol. The sequences of oligos used in this paper are shown in Additional file 9. Sample M-14 was selected to perform technical replicates with different barcodes. This sample was sequenced directly without barcode, and with 16 barcode pairs.
Decoding, mapping and data analysis
SOLiD reads were decoded by the F-barcodes and Rbarcodes consequently allowing one mismatch in each 6nt coding region. The reads which match an F-barcode and an R-barcode uniquely and simultaneously were used for mapping (Additional file 9). Mapping of SOLiD reads was performed using SOLiD system small RNA analysis pipeline tool (RNA2MAP, version 0.5.0). After filtering the other human non-coding RNAs, raw expression values (read counts) were obtained by summing the number of reads that mapped uniquely to the reference database, miRBase release 14.0 and Human Genome RefSeq Hg19. We allowed two mismatches for the first 18nt and three mismatches for the remaining 11nt of each decoded reads (Additional file 6).
Normalization of read counts
In order to quantify and compare miRNA expression across datasets, raw read counts were normalized using quantile-quantile normalization to remove a potential bias. Dataset M1 was chosen as a reference, and the scaling factors were obtained by computing the median of differences of corresponding quantile values of a dataset and the reference dataset. The distribution of absolute count values > 5 both in the dataset and the reference dataset were compared in logarithmic space. All datasets were normalized by linear transformations using the scaling factors (Additional file 6) [14] .
